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Introduction

The lunar-landing maneﬁver, in addition to being a climatic point
in the Apollo Lunar Landing Mission, presents perhapé the most critical
5r6blem,of spacecraft control. To overcome some of the diffipulties of
avoiding local terrain obstructions while locating a good landing site
and t s judgment capsbility, provision is being
made for the astronaut crew within the lunar excursion module fo take
over from the automatic control system, select a suitable landing site,
and control the landing touchdown. The ability of the astronaut to satis-
factorily control this maneuver will depend upon the success of the design
engineers in anticipating the nature of the control task and upon the sub-
sequent provision of a éontrol system satisfactory for the task. Because
the gravitational enviromnment of the moon differs from that of the earth,
the astronaut will not have opportunity to prectice this maneuver except
under simulated conditions; hence, the success of anticipating the con-
trél requirements of the maneuver will only be known for sure after the
first lunar landing has been made,

The conirol of the touchdown part of the lunar-landing maneuver will
probably resemble the control of vertical take-off and landing (VTOL) air-
craft in the earth environment. Some application of the wealth of infor-
mation on VIOL handling qualities may thus be in order; however, the
effects sttributable to such factors as the differences in gravitational

environment and differences in control-system mechanization must first be

understood. From an overall standpoint, the time-critical aspects of the
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control of the landing-approach maneuver is such that there is little
parallel experience in earth-atmospheric flight and the problem must be
considered new and requiring careful examination priqf to finalizing
control-system4design.

The purpose of this paper is to describe the lunar-landing maneuver

detail to aliovw appreciation of the probiem of control and

to present the results of simulation studies simed at establishing handling

qualities data upoﬁ'which to base g control-pystem design.

Description of the Lunar-Landing Maneuver

The Apollo lupar excursion module (LEM) pictured ip figure 1 must
provide the means for retromaneuvering out of lunar orbit, decelersting
to a sof't landing, and then, after a stay on the surface, accelefating
back into orbit for a rendezvous with the Apollo command module. These
overall aspects of the LEM mission are portrayed in figure 2. Detailed
analysis of the system requirements for performing these maneuvers have
led to a design configuration having two stages (fig. 1). Staging would
normally occur on the lunar surface so that the veight of the descent
stage and the landing gear would not have to be carried back into orbit.

An early design decision made in the interests of saving weight was to

~utilize & single attitude-control system to serve both stages. With a

single attitude-control system, the possibility of control-sensitivity
problems becomes important because the inertias of the spacecraft, due

partly to staging, change by approximately an order of magnitude during

the time from initial separation from the commend module to the time that
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rendezvoué is completed after the lunar landing. The landing maneuver,
though it tekes place about half way through the powered portioﬁ of the
LEM mission, occurs before most of the change in moment of inertia. The
result is that extreme care must be used in selecting control powers that
will provide satisfactory landing control and, at the same.time, avoid
excessive control éowers during the powered ascent and/or docking maneuvers.
Analysis of the descent maneuver, including consideration of opera-~
tional factors for pilot manual contrbl, have led to the three-phased tra-
Jectory design shown in figure 3.. The descent tfajectory covers épproxi-
mately 200 nautical miles over the surface of the moon while the altitude
is decreased from 50,000 feet to the surface. The first phase, which
covers most of the distance traveled, is designed primarily to provide
the most reduction in velocity for the least expenditure of fuel. The
vehicle during this phase is oriented so that the thrust of the main engine
is essentially opposite to the direction of flight. 1In this attitude, the
astronaut crew will not be able to observe in the direction of the landing
site because of the limited field of view afforded by the w£ndows. As the
landing area is approached, however, transition is made to the second
phase where the spacecraft is pitched up to an attitude that allows the
astronaut crew to begin observing>the landing area. The planned position
and velocity at the point of transition to the second phase is atteined
through explicit guidance and is planned to allow the approach to the
landing site to be made at a deceleration level considerably lower than

the maximum descent engine thrust capability. The advantage of the lower

»
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deceleration; obtained by.reducing the throttle level of the descent
engine, is that the rate of velocity change becomes more in line with
the pilot's ability to keep track of the situation. This phase will
last about 2 minutes, in which time the trajectory will

cover 6 to 8 miles

end the velocity will decrease from about 800 ft/sec to perhaps 100 ft/sec

entering the finel or touchdown phase. Even though the
g £ &

Ev second phase is
purposely 1engthenéd in time duration, it represents a maneuver that has
no-parallel in earth-bound experiences of landing approaches; In eddition
to monitoring the large changes in velocity and altitude in this short
phase, the pilot must also begin to evaluate the suitebility of the landing
area, to pick out a desired landing position, and to evaluate the need to
take over and manually fly the final phase of the descent maneuver. All
of this takes place in & period of time roughly equivalent to the time
available to an airplane pilot during an instrument approach between the
final checkpoint and the landing touchdown.

The third phase of the descent is called the touchdown phase, and
it is within this phase that the spacecréft is pitched ﬁp to essentially
8 vertical attitude and flown much like VTOL eaircraft. It is in this
phase.that the final selection of the touchdown positioﬁ is made and the
spacecraft is maneuvered to that position for the actual touchdown oﬁ
the lunar surface. Translation velocities over the surface during this
phase are controlled by tilting (roll or pitch) the spacecraft in the

direction of the desired velocity change in order to utilize the hori--

zontal component of the descent propulsion to &ccelerate the spacecraft

in that direction.
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Because of the similarity of the flight meneuver during the touchdown
phase with that of VIOL aircraft, there is a temptation to limit the con-
cern over the handling qualities of the LEM to just this phase and to
extrépolate data for VIOL aircraft to the LEM handling qualities applica-
tion. Although such data may have application to the LEM control prdb;enb
tﬁe large changes in the attitud
actually 1nv61véd in the transition from the landing-approach phase to
the touchdown phase must also be considefed. The time-critical nature of
the pilot task during the landing-approacﬁ phese ray lead to important
and significantly different handling-qualities requirements.

Description of Study Approach

Geperal, The need for knowledge of lupasr-landing control requirements
preceeded the evaluation of contract proposals for the LEM, and thus the
need, at least for prelimipvary information, was recogﬁized some 2% years
ago. At ih&t time, éuch reseapoh facilities 88 the Lupar landing Research

Vehicle of the NASA Flight Research Center and the Lunar Landing Research

y Faéility of the NASA Langley Rsgearch Center were both in the copceptual

stage, snd there were no flight vehicles suitable for other than extremely

limited studies of the lunar-landing contro} problems. Thé decision was

made to obtain the needed information through fixed-base simulation. After
an injtial study phase conducted‘undéf conﬁract, the studies have been cop-
ducted in-house by the Guidance and Coptrol—Division of the Manned Space-
craft Center. The study has actually been & series of studies in which'
the éimu;ation facilities and the fidelity of the simulated problem have

grown as the knowledge of control requirements a&llowed the definition of
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the LEM control system. The studies, which will be described in the
succeeding sections, represent essentially the growth of handling-qualities
knowledge from the pre-LEM-contract period to the present time.

Information Requirements. The objectives of the simulation program

were to provide answers to & series of questions about the iEM control
s&stem. The subjects of these questions were as follows: (1) required
control characteristics, (2) effect of disturbance torques, and (3) effect
of deadband and other control-system detail charaéteristics.

Description of Simulations

Cockpit

The handling-qualities studies have been implemented by coupling an
analog solution of the dynamic equations of motion to fixed base, vith
partial simlation of the sPacecraf; éockpit containing pilot flight instru-
ments and controllers. The simulations of the cockpit used for these studies
have ranged from functional layouts (fig. 4) to arrangements that are almost
identicel to the current IEM vehicle (fig. 5). Flight displays used varied
in arrahgement for the various studies, but all included (1) an attitude

indicator, (2) body-angular rates, (3) forward and lateral velocities,

(4) altitude, (5) altitude rate, (6) main engine thrust-to-weight ration
2 ;]

~and (7) main engine thrust. The downrange and crossrange landing-site

location was indicated to the pilot on an oscilloscope for the studies
using the cockpits shown in figure'h, but a virtual-image display of the
landing was aveilable to the pilot for the simulation using the cockpit
of figure 5. The attitude controllers used have consisted of.the pencil
type shown in figure U(a) which was used in the early studies, and the

hand controller, shown in figures %(c) and 5(a) which approximates the
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controller configuration of the LEM. Both werevthree-exis types. The
main engine for these similations were throttleable over a 10:1 ratio
and were controlled by the throttle indicated in figures 4(c) and 5(a).
Minimum throttle?setting gave a thrust output which resulted in approxi-

mately % of & lupar g (2.6 ft/secz) at landing-approach weights.

Fquations of Motion

The equations of motion for the studies were for 6 degrees of freedom

~of the spacecraft over a "flat" moon. The simulations were concerned with

flight operation within a few thousand feet of the lunar surface; therefore,
in order to simplify equations, the gravitational field was assumed constant.

The mass of the vehicle was varied but the moments of inertia were masin-

‘tained constant. A flow disgram representative of the simulations is ~

shown in figure 6.

Control System »

The attitude-control systems covered in the studies included rate-
command systems and an open-loop system where pilot actuation of the con-
troller produced direct actuation of the attitude thrusters and a corres-
ponding angular accelération. The rate-command system is depicted by
the block diagrams shown in figures 7(a) and 7(b). The study program in-
cluded two variations of the thruster response to rate-error signals as
shown in figure 7(a). Early studies assumed a linear thruster reéponse,

but considerations of limited thruster performance led to the quasi-linear

x LY

thruster response where the thruster response is linear up to thruster
saturation. Farly design considerations of the LEM control system indi-

cated the probability of utilizing thrusters which would operate either
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full on or off, and the simulation of such a system configuration is
shown in figure 7(b). This simulated mechanization allowed variations
in the électronics deadband shown in the on-off thruster logic block
as well as variations in thg thrust‘output levels, This electronic
deadband should be separately recognized from the electro-mechanical
deadbands that are incorporated in the pilot's control actustor to
avoid inadvertent control input coupling.

Test Maneuver

The test maneuver, which was utilized in evaluating the attitude-
control system, resembled the latter part of the lunar-landing approach
maneuver previously described and pictured in figure 3. For most of the
early studies, the initial limits of the run were approximately 3,000 feet
uprange and 1,000 feet crossrange from the intended landing site. Initial
altitﬁde was 500 feet and velocities ranged from 0 to 50 ft/sec. The
pilot was instructed to proceed from his initial point to the landing site,
establish a momentary hover over the site, and then execute a touchdown.
Tater in the series of studies, the approach maneuver was started at
ranges of up to 50,000 feet, altitudes to 15,000 feet, and velocities
of the order of 1,000 feet/sec. Throughout the studies, the hovering
portion of the maneuver was used to obtain evaluation data that were
later verified during the longer duration landing approaches.

Test Subjects

Throughout the studies of handling qualities, the test subjects
were principally currently qualified pilot engineers attached to the
Manned Spacecraft Center Flight Crew Support Division. 1In the later

studies where the cockpit simlators began to resemble that of the LEM

spacecraft, astronauts also participated in the evaluation.

e e —
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Results and Discussgion

Rate Command

Proportional Thruster Operation. The evaluation of lunar-lending

handling gualities utilizing & rate-command attitude-control system with

proportionally firing thrusters resulted in curves which defined boundaries

of satisfactory, acceptable, or unacceptable control as shown in figure 8.
The curves, or boundaries, are plotted for combinations of controller
sensitivity in deg/sec2/in. and time constent. While the boundaries have
been shown as distipct lines, theré is a degree of uncertainty associated
with their determination, and thus they would be more>appropriately'shown
as bands separating the various areas. These lines, however, represent
very nearly the center of the bands of uncertainty, and can be used to
evaluate control characteristics, providing the bands are considered in
the final evaluation. The boundaries shown are applicable to both pitch
and roll. For yaw control, a limited amount of test data indicated a
slightly larger area of satisfactbry control, but not enough to warrant
arseparate figure. Tests conducted on the quasi-linear (limited thruster
output) control system indicated that the pilots rated this system very
nearly the same as the linear system, and fhus, the boundaries of figure 8
are also applicable to the quasi-linear control mechanization.

On the log-log scale used in figure 8, most of the satisfactory and
acceptable boundaries consist of straight-line relationships of controller
sensitivity and time constant. These straight lines are lines of constant

rate commend and are equivaelent to an upper rate cormand of 35 deg/sec/in.
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and a lover value of 10 deg/sec/in. for satisfactory control. Acceptsble
control-rate coruands are equivalent to 90 deg/sec/in. and 5 deg/sec/in.
for the upper and lower boundaries, respectively.

The results shown in figure 8 indicate that satiéfactory hendling
qualities can ﬁe obtained over & wide range of controller sensitivities,
providing the time constant is related as shown to the senéitivities. It
was recognized early that the controller sensitivity of the LEM would be
low, as a consequence of the limited available control power, and these
studies pointed out quite clearly that there was & small area of controller
sensitivities less than about 10 deg/seca/in. that would provide satisfac-
tory control Operétion.

The results presented in figure 8 indicate that satisfactory handling
qualities for lunar-landing vehicles can be obtained at significantly lower
controller sensitivities than VTOL aircraft. This is apparent from fhe .
satisfactory boundary for VTOL plotted on figure 8 (obtained from ref. 2).
However, the primary difference lies not so much in the spread of controller
sensitivities as in the extremely large differences in the ebsolute values
of control powér required to obtain satisfactory handling qualities in the

two vehicles. The controllers used in the present studies had throws of

- approximately 1 inch, and thus the sensiﬁivity of figure 8 is almost a

direct measure of available control power, whereas the vertical/short take;
off and landing (V/STOL) aircraft used & center stick which had a throw of
several inches. The available control power in the V/STOL is the product
of contreller throw and controller sensitivity. - For the lunar-landing
vehicle, the pilot would be eble to commend and use the maximum control

povwer with small displacements but, as indicated in reference 2, V/STOL
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control sensitivity is not only higher, but requires many times the
available LEM control power to obtain these sensitivities. Another factor
contributing to the differences in controller sensitivity is that of re-

duced lunar gravity, but precisely how much this effects handling qualities

- and controller sepsitivities is not known, since investigations in this

area have been limited. Sufficient tests have been made, howev
indicate the environment does have some effect.
The straight-line relationship between controller sensitivity and time
constant indicated on figure B leads to the conclusion that the important
parameters are rate command and time constent rather than controller sensi-
tivity and time constant. This is a logical conclusion, since it seems
the describing parameter for & rate-command attitude control system should
be rate command. For this reason, the curves of figure 8 have been re-
plotted, based on maximum rate command end time constant as shown in
figure 9(a). The upper and lower boundaries for satisfactory.opsration
are located at maximum rate commands of 34 deg/sec end 10 deg/sec, respec-
tively, for tire constents of less than about 1.2 seconds. The inference
here is that maximum rate command is the importent parsmeter, and, within
& satisfactory range of this variable, the pilot will tolerate time con-
stants of up to 1 second. Such an inference is reasonable, because; for
low control powers, & high maximum rate is undesirable because of the
time required to reduce high rates once they have been commanded. TFor
large control powers, there exists for the pilot an upper limit of rate
vhich provides safe maneuvering, although this is probably more influenced

by controller sensitivity than the actual rate. The lower rate limit is .

set by what the pilot believes necessary to perform a given maneuver.
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On-Off Thruster Logic Operation. Investigations during the propor-

tionzl thruster studies.indicated bkandling qualities could be improved
by increasing the thruster on slope from its normal 1:1 ratio (fig. 7(a)).

The reason for the noticeable improvement is that as the thruster-on slope

1s increased, the proportional operation approaches the characteristics

of an on-off thruster logic. With the on-off thruster logic, full thruster
output is always used to change attitude rather than an output proportional
to the difference between actual and commanded rates. This is particularly

significant for small attitude-rate changes, for the maneuver is made

repidly because of the large control moment émployed. For lazrge rate changes,’

the difference between proportional and on-off thruster-system response is
not large, but it is still noticeable.

To investigate the effect of on-off thruster operation on handling
qualities, further studies were made using the refined control mechaniza-
tion shown in figure T(b). This control system arrangement had, as far
es the pilct is concerned, almost identical response characteristics to
the control system employed in the LEM spacecraft. The results of the
studies in a control system having a rate deadband of 0.1 deg/sec are
given in figure 9(&). 'The satisfactory boundary has been plotted as a
function of maximum rate command and time constant, although time constant
has no meaning for a non-linear system. However, using the normal defini-
tion of time constent (time to reach 63 percent of commanded value) allows
the proportionai end on-off thruséer operation to be plotted and discussed
in similar terms. As indicated in figure 9(a), the satisfactory region ex-
tends from rate commands of 10 to.lOO/deg/sec for time constants of up to:

5 seconds. The upper limit on rate command is probably not closed es
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shown by the dotted line, as the upper boundary is a function of controlle;
sensitivity end this was not varied during the study. There is, however, a
significémt improvement of the satisfactory region over the proportional
thruster region discussed previously. In faect, the satisfactory boundary
for the on-off thruster.operatioﬁ is almost as large as the acceptable
region for the proportional thruster operation. No attempt was made to
obtain the boundary for écceptable control and thus the region beyond the
satisfactory boundary has been described as "acceptable for emergency opera-
tion only".

Effect of Deadband on On-Off Thruster Operation Handling Qualities.

The effect of the size of the rate deadﬁand on handling qualities of on-
off thruster operation was also determined. A knowledge of this effect
was nécessary, since the rate deadband must be incorporated into the con-
trol logic to prevent inner loop instability and to also limit attitude
fuel usage during steady-state control operation. There are, however,
trade-offs associated with the selection of the proper deadband, for a
small rate deadband results in excessive fuel consumption, end large dead-
bands cause high residﬁal rates with the attendant drift from a selected
attitude. The deterioration in handling qualities resulting from increased
rate déadbands is shown in figure 10. The satisfactory boundary decreases
as the deadband is increased from 0.1 deg/sec to 1.0 deg/sec, alfhough the
deterioration in handling qualities is not apprecisble until the deadband
has £een increased beyond 0.5 deg/sec. As noted beforé, the chief reason
for derating as the deadband is increased is the high residual rates which

force the pilot to concentrate heavily on attitude control to the neglect

of othe? flight variebles. The primary effect of increased deadbands is
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to increase significantly the lover satisfactory bourndary. The pilot
desires high rates to compensate for attitude drift, although increesing
the contrbller sensitivity might produce the same effect. In addition,
the control power reguired tq obtain satisfactory handling qualities for
a deadband of 1.0 deg/sec is almost twice the minimum required for a
0.1 deg/sec deadband. This can be seen by drawing lines through the
original tangent to the 16wer boundaries of the 0.1 and 1.0 deg/sec curves
and calculeting the slopes of the two lines.

The upper boundaries for the three deadbands in figure 10 are shown

as dotted rather then solid lines. Actuslly, the upper boundaries for the

0.5 end 1.0 deg/sec deadbands were determined, but as they are functions

of controller sensitivity (which was not varied), they are subject to change.
Scattered data indicated the upper boundary for the 0.1 deg/sec deadband
exists near the 100 deg/sec limit, but the rate commsnd used in the study
was limited to 100 deg/sec, and thus the boundary may actuelly be higher
than the dotted lines indicates.

Effect of Main Engine Thrust Misalinement

A lunar-landing spacecraft such as the LEM will, of necessity, carry
a fuel load that represents a large percentage of the total weight. Space-

craft désign procedures will attempt to locate this fuel load so that, as

the fuel is utilized, the center-of-gravity of the spacecraft remains close

to the thrust vector of the main engine to keep disturbance torgues to a

~

minimum. In spite of design efforts, the center-of-gravity will undergo

- adverse shifts, and it is important to assess the effects of the resulting
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disturbing torques upon control handling qualities. To accomplish this
assessment & range of disturbing torques typicael of the magnitude sttri-
butable to CG movements were -introduced to the spacecraft dynamics, and

the handling qualities with a series of typical control powers were evalu-
ated. The resﬁlts of this pbrtion of the study are shown in figure 11,
which plots pilot rating as a function of the ratiq'of misalinement to
control power acceleration for three separate control powers. As indicated
in the curves, pilot ability to compensate for thrust misalinement torques
deteriorates rapidly with decreasing control power. The satisfactory
boundary for a control pover of 23 deg/sec2 occurs at a ratio of 3.5, at
5.5 for an 11.5 deg/sec2 control power, and at 6.5 for a 7 deg/se02 con-
trol power. This indicates, as would be expected, that pilot reaction in
the presence of misalinement torques is a function of both the available
control power and magnitude of the misalinemént torques. The pilot requires
enough control power in excess of the disturbi@g torque to perform the re;
quired maneuver, with response times compatible with the basic hendling
qualities evéluation. The evaluation is subtle in that the vehicle response
is diffeérent in each direction about & given axis, sincé the true control
power in the direction of the misalinement acceleration is the sum of the
actual ;ontrol pover and misalinement acceleration;'whereaé, in the other
direction, the true control power is the difference between the two accelera-
tions. Thus the pilot can maneuver in one direction quite readily; whereas,
maneﬁvering is much more difficult in the other direction. However, if the
basic vehicle control power is large compared to the misalinement sccelera-

tion, the pilot cannot detect as readily the difference between maneuvering

in opposite directions. The results obtained were conclusive enough to

oS - P RN e S — e e et e e
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indicate that compensation for misalinement torques should not be mmde
through pilot operation of the attitude-control system. Studies of the
effect of thrust misalinement on on-off thruster operation were limited,
but enough test cases were investigated to determine that the hendling
qualities were unsatisfactory. In any event, practical qonsiderationé

make it impossible to supply sufficient control power to design & control

d
)
|

system having satisfactory handling gqualities. TFor ex

foe

povwer of 5 deg/sec2 with & time constent of 4 seconds provides a satis-
factory system, but to provide & control system having satisfactory handlihg
gualities in the presence of the expected misalinement torques of the LEM
spacecraft would require a control power of about 15 deg/seca.

Direct Thruster Operation

The direct attitude-control system was examined as both a linear éro-
portional control system and an on-off control system, although the data
obtained for the on-off mode were extremely limited. The data obtained in-
dicate the system to be acceptable, but for emergency operation only, for
control powers between about 3 and 15 deg/sec2. Figure 12 shows that the
best rating was 5.5 and occurred at about 10 deg/sece.

Relationship of Studies to Present LEM Attitude-Control System

The results of these studies have been applied to the design of the

"LEM spacecraft attitpde-controlhsystem. As a primary mode, the attitude-

control system employs a rate-command mode heving attitude-hold features.
Maximum rate command available to the pilot is 20 deg/sec and the rate
deadband'equivalent to 0.2 deg/sec. The operating points for two thruster

operation is at a time constent of 2.3 seconds which, for & 0.2 deg/sec

deadband, is Jjust within the satisfactory boundary shown in figure 9(b).
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Four thruster operations at 1.15 seconds are well within the satisfactory
region. As a backup to the primary mode, the attitude-control system can
be operated in the direct mode, but the handling gquelities are at best
acceptable. Compensetion for misalinement torques is done automatically
through & gimﬁalled main—enéine operation from the attitude-cqntrol system
by the summing junction error signals.

Concluding Remarks

The handling qualities of & lunar-landing vehicle have beén examined
and assessed in a series of piloted sirmlations of the lunar-landing
maneuver. The resuits of these studies indicated that the dif}erences be-
tween the earth and lunar environmment infiuences handling qualities of
earth-bound vehicles performing raneuvers similar to those discussed in
the lumar Ianding. The studies that have been Eonducted to date have not
examined the effect of gravitational field differences in depth sufficiently
to discuss the reasons for the variations in handling qualities in detail.

It is anticipated that the study results will be verified in a least
two operational research vehicles. The first of these is & tethered-flight
vehicle located at the langley Research Center, and thé second is a free-

flight vehicle presently undergoing flight tests at the Flight Research

- Center. Both of these vehicles will operate in a simulated lunar-gravita-

tional field and will employ control systems similar to the LEM spacecraft.
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